SUMMARY A small pneumatic cuff inflated around the knee was used to produce tourniquet paralysis in baboons. A cuff pressure of 1,000 mm Hg maintained for one to three hours produced paralysis of distal muscles lasting up to three months. Nerve conduction studies showed that most of the motor fibres to the abductor hallucis muscle were blocked at the level of the cuff and that they conducted impulses normally in their distal parts. There was a significant correlation between the duration of compression and that of the subsequent conduction block. When tested two to three weeks after the tourniquet, the amplitude of the response of m. abductor hallucis to nerve stimulation distal to the cuff was usually slightly reduced compared with the precompression figure. This was assumed to mean that a small proportion of the motor fibres had undergone Wallerian degeneration as a result of compression. Maximal motor conduction velocity was reduced in recovering nerves. It was also reduced when a cuff pressure of 500 mm Hg was used, which was insufficient to produce persistent conduction block. In such cases a reduced velocity without evidence of block could be demonstrated 24 hours after compression. Ascending nerve action potentials were recorded from the sciatic nerve in the thigh, with stimulation at the ankle. Before compression the fastest afferent fibres had a significantly higher velocity than the fastest motor fibres in the same nerve trunk. Results after compression suggested that the high-velocity afferent fibres had a susceptibility to the procedure similar to that of the fastest motor fibres.
In clinical practice, particularly in orthopaedic surgery, it is well recognized that the application of a tourniquet to a limb is sometimes followed by paralysis which may persist for weeks or months. While most of the reports in the literature date from the period when rubber tubing or Esmarch bandages were used (Lejars, 1912; Eckhoff, 1931) , occasional examples have been reported after pneumatic tourniquets (Bruner, 1951; Moldaver, 1954 by Denny-Brown and Brenner in 1944. They found that there was local demyelination of nerve fibres under the tourniquet but no loss of axonal continuity through the lesion. The electrical excitability of the motor nerves distal to the tourniquet was preserved, and in most cases power in the affected muscles recovered within a few weeks. Conduction velocity during the recovery period was studied by Mayer and Denny-Brown (1964) who found it to be reduced at the site of the tourniquet compared with the velocity above and below this level.
In the present experiments we have reinvestigated the conduction block produced by a tourniquet, with special reference to the timecourse of recovery. In baboons it has been possible to apply a pneumatic cuff rather than the narrower rubber tubing used by Mayer and Denny-Brown in the cat. Recovery in individual animals has been followed by serial nerve conduction studies similar to those used previously to study animals with experimental toxic polyneuropathy (Hern, 1971; Hopkins and Gilliatt, 1971) . A brief preliminary account of our results has already been published .
METHODS
All experiments were carried out on sexually mature female baboons (Papio papio) their body weights ranging from 8-6 to 14-9 kg. The animals were fed on a solid pellet diet (Spillers) with added fruit and milk. Monthly injections of cyanocobalamin were also given. As a tourniquet, a small sphygmomanometer cuff (Accoson) designed for an infant was used. The canvas sleeve was specially reinforced to withstand pressures of 1,000 mm Hg. The rubber bag measured 10 x 5 cm and was applied with its long axis round the lower limb at the level of the knee, with the bag overlying the popliteal fossa; when inflated its width was slightly increased to 5-5 cm.
Nerve conduction was examined in the medial popliteal branch of the sciatic nerve. For the motor studies the stimulating cathodes were stainless steel needles placed close to the sciatic nerve in the thigh, and close to the posterior tibial nerve below the knee and at the ankle (Fig. 1) . Muscle action potentials were recorded from the abductor hallucis muscle, the active recording electrode being a subcutaneous needle over the muscle belly and the remote electrode a subcutaneous needle near the base of the second digit.
Ascending nerve action potentials were recorded through a needle electrode close to the sciatic nerve in the thigh, a remote electrode being placed over the quadriceps muscle; stimuli were delivered to the posterior tibial nerve behind the medial malleolus. Nerve Anaesthesia for the application of the tourniquet and for the nerve conduction studies was provided by an initial tranquillizing dose of phencyclidine (2 mg/kg) and promazine (1 mg/kg), followed by intravenous pentobarbitone sodium (60-120 mg, depending on the duration of the experiment).
To ensure that nerve cooling did not take place during the conduction studies, animals were covered with a thick layer of cotton wool and the exposed limb was warmed by a lamp. Room Fig. 2 . The number in parentheses against each curve is the duration of compression in minutes. The pressure in the cuff was approximately 1,000 mm Hg in each case. The response amplitude shown on the vertical scale of Fig. 2 is not the absolute amplitude of the muscle response to nerve stimulation in the thigh, but this figure as a percentage of the response to ankle stimulation in the same experiment. By the use of this ratio, changes in response amplitude due to slight variations in the position of the recording electrodes on different occasions are eliminated.
It can be seen from Fig. 2 that there was considerable variation in the severity of the conduction block and in the rapidity of recovery in different animals. Some of the differences between animals appeared to be related to the duration of compression. Thus the two nerves which were least affected were compressed for only 60 and 1 10 minutes, whereas the four nerves which took longest to recover were subjected to compression for 150 or 180 minutes. When the time to 5000 recovery in Fig. 2 is matched with the duration of the compression, using Spearman's ranking test, this correlation is significant at the 0-01 level (r=0-82).
While most of the nerve fibres subjected to compression appeared to conduct normally distal to the site of the cuff, there was evidence that a small number underwent Wallerian degeneration. Thus, muscle wasting was seen in the more severely affected animals and fibrillation was present when these muscles were sampled with a coaxial needle electrode.
The amount of Wallerian degeneration in each case could be estimated roughly by comparing the amplitude of the muscle response to nerve stimulation at the ankle before the tourniquet with the response two to four weeks after compression-that is, long enough after injury for Wallerian degeneration to have occurred. Such a comparison is shown in Table 1 .
The amplitude of muscle action potentials recorded on two successive occasions varies in a random fashion due to slight differences in the position of the recording electrodes, but Table 1 Fig. 3 . The muscle response to nerve stimulation in the thigh immediately before compression is shown above, and the response 24 hours later is shown below. It can be seen that there was little change in the amplitude of the response as a result of compression, although its latency was increased. Similar results were obtained for the other two nerves compressed at 500 mm Hg (see Table 6 ). From this it appears that compression insufficient to cause a significant conduction block may still result in a persistent conduction delay in the affected fibres. Table 2 shows the effect of compression on maximal motor velocity in the 11 nerves illustrated in Fig. 2 . In this Table the first velocity obtained after the tourniquet is labelled 'early'. In mildly affected animals this early velocity was obtainable 24 hours after compression, whereas in severely affected cases with prolonged and complete conduction block, up to 45 days elapsed before velocity could be estimated. From Table 2 it can be seen that maximal velocity through the compressed segment was initially decreased, values for the 11 nerves ranging from The 'late' velocities shown in Table 2 were those obtained at the last recording on each nerve shown in Fig. 2 . The time after compression ranged from 28 days for the least affected nerve to 180 days for the severely affected. It can be seen that the mean late velocity for the group was significantly reduced compared with the control mean. Analysis of individual results showed that in five nerves the velocity was still below the lower limit of the control range at the end of the period of observation.
In contrast with the reduction in velocity through the compressed segment, the mean maximal motor velocity in nerve distal to the cuff did not show a significant change from the control mean in either the early or the late group of observations after the tourniquet. Recovery of nerve conzductiont after a pnzeuniatic tourniiquet (below). The nerve had been compressed for 180 minutes and the lower record was taken after an interval of 73 days; at this time, response amplitude was still less than 2% of the precompression figure. It can be seen that, in addition to an increase in latency, there was temporal dispersion of the response.
Dispersion was seen only in the early stages of recovery of severely affected nerves. In mildly affected nerves and in the later stages of recovery of severely affected nerves, the duration of the muscle action potentials did not appear to be increased.
To confirm that the reduced amplitude of the muscle action potentials during the recovery period was due to long-lasting conduction block and not to temporal dispersion of impulses in recovering fibres, muscle action potential area was measured before compression and during recovery. In Table 3 Table 4 , from which it can be seen that velocity in the fastest afferent fibres ranged from 74-2 to 89-0 m/sec with a mean of 80-9 m/sec, compared with a range of 60-0-77-0 m/sec and a mean of 68-5 m/sec for the fastest motor fibres. The difference in the mean velocities of the two groups is significant at the 0-01 level. The higher maximal velocity of afferent fibres in this nerve is in keeping with previous observations on other limb nerves in the baboon (McLeod and Wray, 1967; Hopkins and Gilliatt, 1971).
Ascending NAPs were recorded from 12 nerves in 10 animals before and after compression by a tourniquet. Three nerves (B30L, B33, B34) were compressed at 1,000 mm Hg for 180 minutes. In the first few weeks after compression The results shown in Table 5 should not be taken to imply that afferent fibres were more severely affected by compression than motor fibres. It is likely that recovery of conduction in only one or two motor fibres supplying abductor hallucis would be sufficient to give rise to a detectable MAP. Indeed, some of the MAPs shown in Table 5 had an amplitude similar to that of single motor unit potentials evoked by threshold stimulation in control animals. In contrast with this, NAPs depend upon synchronous activity in a number of fibres, and we would not expect to record them if only a few fibres were conducting through the lesion. Dispersion of impulses in different fibres might also contribute to the late reappearance of NAPs after compression. Evidence that some dispersion of ascending volleys was present in the early recovery phase of severely affected nerves can be seen in Fig. 5 , which shows the post-compression NAPs from the most severely affected nerve in our series. The rise-time of the negative deflection of the action potential can be seen to be slightly increased in the early stages of recovery and to return towards normal in later records.
No comparable increase in the rise-time of NAPs occurred in the mildly affected nerves (Fig. 6) Table 6 it can be seen that in each case the percentage reduction in velocity after compression was similar for the fastest-conducting motor and afferent fibres. This makes it unlikely that there was a systematic difference in their susceptibility to compression.
DISCUSSION
Our results are in good agreement with those of Denny-Brown and Brenner (1944) who first showed that a tourniquet applied to the hind limb of the cat at pressures of 450-1,200 mm Hg would produce a persistent conduction block with preservation of excitability in the distal part of the nerve. In their experiments muscle weakness usually recovered within two to three weeks, but in a later paper by Mayer and Denny-Brown (1964) it was noted that, although most animals showed marked improvement in power by 12-16 days, reflex toe-spreading might remain abnormal until the fourth or fifth week. In the present experiments muscle weakness and conduction block have sometimes lasted for even longer periods. For example, in our severely affected animals some weakness of toe movement lasted for approximately three months. From Fig. 2 it can be seen that in these animals few of the motor fibres to m. abductor hallucis had recovered from conduction block after two months and that some fibres were still blocked after four months. This delay in recovery is interesting in relation to clinical descriptions of tourniquet paralysis in man. Moldaver (1954) carried out serial observations on two patients who developed complete paralysis of the muscles supplied by the median, ulnar, and radial nerves after surgery in which tourniquets were used. Nerve stimulation above the site of the tourniquet failed to produce a visible twitch on the 38th day after injury in one patient and on the 41 st day in the other, although normal twitches were easily elicited by stimula-tion below this level. Recovery of muscle twitches evoked by stimulation above the site of injury was first seen after 49 days, and was complete by 100 days in both cases. In some clinical accounts of patients with tourniquet paralysis, it is likely that there was considerable Wallerian degeneration in addition to conduction block. In such cases much longer delays in recovery were seen, for example in case 5 of Eckhoff (1931) (Ochoa, Fowler, and Gilliatt, to be published).
Although we were able to show that there was a significant correlation between the duration of compression at 1000 mm Hg and the severity of the resulting conduction block, it is clear from Fig. 2 Hinman, 1945 (Ochoa, Danta, Fowler, and Gilliatt, 1971 ).
The observation that conduction velocity is reduced in nerves recovering from the effects of compression was first made by Mayer and Denny-Brown (1964) . Their animals were studied two weeks after compression, and the authors attributed the velocity change to the demyelination which was conspicuous at this time. In the present series, however, a reduced conduction velocity has sometimes been recorded as early as 24 hours after release of the cuff. This is too early for the classical appearance of demyelination to be present, and some other explanation for the velocity change must be sought. It seems likely that both the conduction block and the reduced velocity are caused by the occlusion of the nodes of Ranvier and the paranodal invagination which are present during the first few days after compression. This problem will be discussed elsewhere in relation to the anatomical findings (Ochoa et al., to be 
published).
It is interesting that our results do not indicate a consistent difference in the susceptibility of fast-conducting motor and afferent fibres to compression. The relative sparing of sensation which occurs in many different types of human pressure palsy may, however, be due to the sparing of small-diameter afferent fibres (Seddon, 1943) . While we have made no relevant physiological observations on this point, our anatomical results confirm that there is relative sparing of small myelinated and unmyelinated fibres. In view of this, it is not surprising that touch and pain sensation should frequently be preserved.
One general point should be made in relation to the measurement of conduction velocity through a local lesion such as the one described here. The method which has been used for measuring maximal motor conduction velocity may be expected to give information about the fastest-conducting motor fibres provided that they can be excited by the stimulus at all levels in the nerve trunk. If, however, the fastest fibres are blocked completely by the lesion, so that only slowly-conducting fibres are excited by stimuli proximal to this level, then the calculated maximal velocity will be misleading. For example, the 'early' velocities shown in Table 2 were obtained at a time when most of the motor fibres to m. abductor hallucis were blocked at the level of the lesion. Thus, although maximal shocks were used, stimulation proximal and distal to the lesion did not excite the same fibre population. For this reason the figures do not provide valid information about velocity changes in individual fibres.
In the animals subjected to compression at 500 mm Hg, however, there was little or no fall in muscle action potential amplitude and, presumably, little or no conduction block. The velocity changes in these three nerves may thus be accepted as a true indication of the changes occurring in the fastest motor fibres. It can be seen from Table 6 that velocity fell to 83-5%0 85%0 and 7900 of the precompression value in each case. These figures were calculated for conduction distances of 21 5-23-5 cm between the thigh and ankle. However, only 5-5 cm of the nerve would have been beneath the pneumatic cuff. If the velocity changes were limited to this 5*5 cm length, the true velocity through the lesion might have been as low as 50-60% of normal, although these nerves were the least affected in our series. Further experiments are planned to obtain comparable figures for single fibres in more severely affected nerves.
